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OBJECTIVES
The objectives of this project are to develop and use remote and in situ techniques to measure the kinematics and dynamics of breaking and relate them to the dynamics of the wave field and the surface mixed layer. Of particular interest is the dissipation of surface wave energy by breaking.
APPROACH
The approach revolves around the use of aerial imaging from light aircraft in the coastal zone and quantitative image sequence analysis using techniques of Particle Imaging Velocimetry (PIV) to measure the kinematics of whitecaps. Kinematic measurements can be used to investigate aspects of surface mixing including estimates of the rate of mixing of the surface layer. In conjunction with simple scaling arguments to relate the kinematics of breaking to the dynamics, and laboratory experiments on breaking, the remote data can be used to investigate wave dissipation and the momentum flux from waves to currents. In situ measurements of waves and currents will be compared with the remote measurements.
The key people within our research group were Eric Terrill who oversaw the in situ measurement program, and Peter Matusov, who has been involved in all aspects of the airborne measurements and data analysis.
WORK COMPLETED
This project has focused on the Shoaling Waves Experiment conducted off Duck, N. Carolina in the fall of 1999. During that experiment our imaging system, the Modular Aerial Imaging System (MASS) was flown on the Long-EZ by Tim Crawford of NOAA. Using the data acquired from that experiment we have developed algorithms based on both PIV and simpler techniques to analyze the image sequences to measure Λ(c) dc, the mean length of breaking fronts per unit area of ocean traveling with speeds in the range (c, c+dc) (Phillips, 1985) . This statistic forms the basis of a hierarchy of moments that can be used to investigate the kinematics and dynamics of breaking. Figure 1 shows examples of the image data, the traditional whitecap coverage and an example of the PIV processing on a single whitecap.
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Two moorings were deployed to measure near-surface turbulence (ADV and Dopbeam sensors) and temperature fields and bubbles entrained by breaking waves. Two bottom ADCP/pressure packages were deployed to measure waves and currents on the shelf. One mooring suffered a failure during a hurricane and was redeployed. One of the moorings was inexplicably destroyed by the Canadian Coast Guard vessel Creed during good weather.
RESULTS
A first set of MASS data from SHOWEX has been analyzed, written up and submitted for publication (Melville & Matusov, 2000) . We have shown that during SHOWEX Λ(c)dc increases like the wind speed cubed, U 10 3 , and decays exponentially with the breaker speed, c. Since the breaking statistics depend on the directional wave spectrum, and since there is no universal wave spectrum over the full range of breaking waves, we do not expect any universal shape for Λ(c)dc. Simple physical and dimensional arguments provide interpretations of the various moments of Λ(c). For example, the first moment is proportional to the rate of mixing of the surface area by breaking, the third is proportional to the volume mixed, the fourth is proportional to the momentum flux from waves to currents and the fifth is proportional to the wave dissipation. These moments are shown in Figure 2 . Note that as you move to higher moments the mode of the distribution moves to larger values of c. Since c scales approximately with the phase speed of the breaking waves, this implies that while small-scale waves contribute most to the length of the breaking fronts, longer waves are responsible for momentum transfer and dissipation. Since the vector c and not just the speed are measured, we can examine the directional distribution of Λ(c) and its moments can be measured. Examples in Figure 3 show that for the SHOWEX data, Λ(c) and its moments are approximately symmetric about the wind direction.
The in situ data from the surface moorings shows that the dissipation of turbulent kinetic energy (TKE) measured by the Dopbeam correlates with the modulation of the surface waves or wave groups. An example of this data is shown in Figure 4 . Analysis of the Dopbeam, ADV and temperature data continues.
IMPACT/APPLICATIONS
During this project we have shown that methods of PIV developed in the laboratory can be used to analyze airborne imagery to measure the kinematics and, with supporting assumptions, the dynamics of wave breaking. These results are novel and are the consequence of the convergence of technical developments in the areas of imaging, position/motion detection (DGPS and inertial systems) and imaging software. While we have concentrated on visible imagery, the same approach could be taken with IR and hyperspectral imagery to study the kinematics of different fields including temperature.
While not yet completed, the in situ data shows great promise for making acoustical measurements of ocean microstructure directly in the wavenumber domain. This avoids the use of Taylor's hypothesis to move from the frequency domain to wavenumber domain; an approach that is fraught with problems in the surface wave zone which is dominated by the orbital; motion of the waves. 
